A biologically plausible model of the early thickening of the arterial Intima has been developed to interpret experimental data relating hemodynamlc shear to human Intimal morphology. The model Included many processes known or commonly believed to take place In the vascular Intima, including: smooth muscle cell migration, proliferation, metabolism, and expression of extracellular matrix; llpoproteln kinetics and binding; and monocyte chemotaxls, conversion to macrophage, and foam cell formation. Certain of these processes were allowed to be shear-dependent. The best fit to the data was obtained when smooth muscle cell accumulation was more rapid, and extracellular matrix expression proceeded more slowly where the fluid shear was relatively high and unidirectional. This result Is consistent with the earlier Inference that competing shear-dependent processes take place in the wall; It is also consistent with the notion that Intimal thickening might be part of an adaptive mechanism by which the artery maintains a favorable shear environment. (Arteriosclerosis 9:511-522, July/August 1989) I n earlier work, 1 we presented the correlations between intimal thickness and wall shear rates measured in flow-through casts of 10 human aortic bifurcations. These correlations suggested that the intima initially thickens more rapidly where shear is high or unidirectional, but ultimately reaches greater thicknesses where the shear is relatively low and oscillatory. It was shown that this behavior, more complex than had earlier been supposed, could reflect the influence of competing shear-dependent processes.
I
n earlier work, 1 we presented the correlations between intimal thickness and wall shear rates measured in flow-through casts of 10 human aortic bifurcations. These correlations suggested that the intima initially thickens more rapidly where shear is high or unidirectional, but ultimately reaches greater thicknesses where the shear is relatively low and oscillatory. It was shown that this behavior, more complex than had earlier been supposed, could reflect the influence of competing shear-dependent processes.
A simple mathematical model of intimal thickening was developed to demonstrate that competing processes could be responsible for the experimental results; in it, intimal thickness was determined by a balance between the shear-dependent uptake and shear-dependent removal of an unspecified blood-borne substance. Here, we extend this demonstration by using a more realistic model that better reflects current understanding of the biological processes that take place in the arterial wall during the early stages of intimal thickening.
This paper begins with a description of the baseline model and certain optional processes. Following a welldefined protocol, a more complex model Is then constructed by adding to the baseline model two optional processes whose inclusion significantly improves the fit of the model to the intimal thickness and hemodynamic data obtained earlier. Sro normalized maximum shear rate, dlmenstonless T nondimenstonal time defined by Equation (19) , dimensionless T* nondimensional time at which SMC accumulation ceases, defined by Equation (26) , dimensionless t time, T t, time after which macrophages are trapped in the Intima, T tn, time constant defined by Equation (11) , T t* time at which SMC accumulation ceases, T V m average volume of a macrophage, L' V, average volume of an SMC, L 3 P) scale length for the contribution of the j-th component to Intimal thickness, defined by Equations (20)- (22) , L T m duration of lyste of ECM by macrophages (optional), T 4>, v, coefficients of shear-dependent parameters, dimenn, K skxiless (see Table 2 ) Subscripts e extracellular matrix m macrophage s smooth muscle cells 1) Upid dynamics are described as though there were a single generic lipoprotein, LP. The model makes no distinction among lipkjs or lipoproteins. As a consequence, the kinetics of lipkj esterificatJon and hydrolysis do not enter the model. Similarly, chemical modification of LP by cellular elements in the wall is not explicitly included. As will be apparent, this does not mean that these processes are assumed to be absent. Naturally, many of the assumptions of the model with respect to the behavior of the LP component are based on experiments with low density lipoprotein (LDL).
2) The intima is regarded as homogeneous; variations in composition or rate constants with depth are ignored.
3) Tne parameters of the model are assumed to be constant. Some of these parameters (e.g., MC entry rate, SMC proliferation rate) can depend on plasma lipoprotein levels; thus, it is implicitly assumed that the plasma composition does not change enough over time to cause changes of importance in these parameters.
Smooth Muscle Cell Kinetics
SMC from the media migrate into the intima and proliferate. The number density of SMC (n, cells/cm 2 en face area) initially increases at a constant rate, J, cells/ cm 2 -sec. The quantity n, includes the progeny of cells originally in the intima. These original SMC are relatively few in number; if they are ignored, n, is directly proportional to J,:
where t is time. The stimuli for SMC accumulation are not specified by the model; they can include mitogenic or migration-stimulating factors from the blood (platelets, MC, hyperiipemic serum, or transformed LDL) or cells in the wall, such as endothelium (EC), M<£, and SMC. A recent review by Schwartz et al. 2 summarizes the many factors and cell types that have been shown to influence the dynamics of SMC replication. The level of these factors in the subendothelial space, and hence J,, may be subject to direct or indirect hemodynamic influences.
When n, reaches a certain value, n*, growth ceases, except as needed to replace dead cells. The time at which this occurs is t*, given by:
The mechanism of growth inhibition is unspecified but might be mediated by the endothelial release of a growth inhibitor 34 into the subendothelial space, possibly at a rate that is shear-dependent.
SMC take up and metabolize free LP in the extracellular space. It is assumed that ample LP Is available for this purpose. The metabolism by SMC of LP bound to matrix components is accounted for below.
The contribution, q,, of SMC to intimal thickness is proportional to n,. The proportionality constant is the average volume of an SMC, V,. Thus:
In calculating q,, no distinction is made between the volume of "normal" SMC and that of cells that have taken up so much lipid that they present as foam cells.
Extracellular Matrix Kinetics
SMC generate ECM at a rate proportional to their number at any time:
where the biosynthetic rate constant k. is adjusted to reflect: 1) the fraction of SMC that are inactive and 2) phagocytosis of ECM fragments complexed with LP. 5 The quantity q, is the contribution of matrix to the intimal thickness and includes the edema that accompanies the formation of ground substance. No distinction is made among the several components of the matrix (e.g., collagen, elastin, proteoglycan).
Connective tissue initially present in the intima is ignored, so the initial value of q. is zero. The value of q. at any time is obtained by integrating Equation (4) 
LJpoprotein Kinetics
LP from plasma crosses the endothelium and enters a subendothelial "free LP" pool from which it can be metabolized or bound. It may be modified (e.g., oxidized) while in the neighborhood of the endothelium or subsequently; as noted earlier, such processes are not explicitly included in the model. Free LP leaves the intimai pool via additional processes that include loss to the media and lymphatic transport. As will be explained below, the model is indifferent to the details of the processes by which LP enters and leaves the intima. Indeed, a net influx of LP across the internal elastic lamina is not prohibited, nor is the possibility that the media excludes LP.
Free LP is avidly bound by ECM. The association of LDL with arterial proteoglycans is well documented. 678 In the model, the subendothelial LP concentration is assumed to exceed the concentration of binding sites, so that nearly all of the binding sites are occupied. Thus, the concentration of bound LP is essentially the same as the concentration of binding sites (in LP equivalents) on the ECM; the latter concentration is proportional to q,. Note that, for the concentration of bound LP to be proportional to matrix thickness, it is sufficient that a fixed fraction of the binding sites be occupied. No distinction is made between soluble and insoluble bound complexes. The bound LP pool includes perifibrous Iipid. 9 These assumptions regarding LP dynamics effectively decouple the kinetics of the free LP pool from the rate equations for the thickening process. This is so because it is postulated that: 1) there is ample LP for SMC metabolism, so the dynamics of the SMC population is independent of the size of the free LP pool; 2) the free LP is in excess of the number of binding sites on the ECM, and binding is avid, so the growth of the bound LP pool is driven by the rate at which ECM is expressed and not by the availability of binding substrate; and 3) the free LP pool itself does not contribute to intimai thickness. As will be discussed subsequently, this does not mean that free Iipid does not play a role in intimai thickening.
Monocyte/Macrophage Kinetics
MC enter the wall at a rate of J m cells/cm 2 -sec. This rate may be influenced by hemodynamic forces and probably by chemotactic factors as well. Chemotaxis by SMC will be considered as an optional process. The quantity J m includes the increase in cell number due to any proliferation of this cell type in the intima.
The MC activate and transform to M</>, which migrate in the intimai interstitium, internalizing LP. For the baseline model, the source of the LP is unimportant. The M<f> remain in the intima and can degrade so much LP that their cytoplasm becomes saturated with Iipid and Iipid droplets form in the cell. Intracellular Iipid may crystallize before or after the cell dies, eventually forming ex' ^cel-lular crystals.
M<f>, including those presenting as foam cells, c ,(ribute to intimai thickness. The rate at which this contribution, q,,,, grows is proportional to J m : dq m /dt=VJ m (6) where V m is the volume of an average M<f>. Size variations among these cells due to variations in accumulated Iipid are ignored. If q m is initially zero, Equation (6) gives, upon integration:
Optional Processes

Synthesis of Extracellular Matrix Is Mediated by Hemodynamic Forces
The rate constant for the production of ECM by SMC, k., may be affected by the hemodynamic stresses on the wall; this is suggested by the observation that cyclic stretch affects the rate of synthesis of matrix components by SMC in culture. 10 The rate constant can also be affected by the rate at which MC enter the wall, since there is evidence that M</ > promote the transition of SMC to the synthetic phenotype.
Macrophages Initially Can Leave Intima
In this option, the M</», after some period of time, r m , can leave the intima if it has not accumulated too much lipfd. The quantity r m is an appropriately weighted average of the residence time distribution. If the M<£ has become too lipid-taden, it remains in the intima, as in the baseline model.
Since the trapping of M<f> depends on the amount of lipid incorporated by the cells, it is necessary to consider the possible uptake mechanisms and to relate uptake to other quantities in the model. The liptd taken up by the M<f> can come from either the free or the bound pool. Here, it is assumed that the M<£ degrades only bound LP, and that the scavenger receptors are unsaturated; thus, the intemallzation rate is proportional to the concentration of LP in the bound form. By earlier assumptions, it is, therefore, proportional to the ECM level. Evidence in support of this line of reasoning includes the observation 1112 ' 13 that complexed LOL is more rapidly taken up and degraded by M^> than native (unbound) LDL, which is taken up rather slowly. The net uptake rate takes into account any scavenging of internalized lipid from M<f> by high density llpoprotein.
The preceding assumptions imply that M<f> are not trapped in the intima until q, reaches a critical value, q,'. Let t, be the time at which this occurs. Then Equation (7) is replaced by:
where q,(t,)=q, f . There is evidence that lipid in other forms may be taken up by intimal M<p. One form of considerable current interest is LP that has been chemically modified by cells in the arterial wall. In the present context, it is noteworthy that the incorporation of lipid from SMC-modified free LP 1415 is kinetically indistinguishable from the uptake of bound LP. If free LP is in excess subendothelially, then modified LP is produced at a rate proportional to the number of SMC that are present. Similarly, the size of the bound LP compartment is proportional to the ECM level, which also increases at a rate that varies directly with the number density of SMC. LP modified in other ways (e.g., by EC 16 or M<£ 17 ) are also recognized and may be taken up by M<f>. If these LP are bound when phagocytosed, then they are already included in the model. The uptake of free LP modified by EC or M<f> is not included. The importance of these latter processes depends in part on the relative sizes of the free and bound LP pools.
If a major fraction of the lipid internalized by M<f> comes from the free LP compartment, then the LP kinetics are no longer decoupled from the thickening process. Indirect evidence for uptake from the free compartment is Smith's 18 observation that little LDL is present in the interstitial fluid of fatty streaks containing many foam cells.
Macrophages Can Degrade Extracellular Matrix
If significant quantities of ECM are degraded by proteolytic enzymes released by M<f>, then a second term must be added to the right-hand side of Equation (4) . Assume that, whether or not they can leave the intima, M<j> actively lyse ECM for a period of time equal to r m . Thus, after a brief transient, the number density of lytic M<t> becomes constant and is given by:
The rate of loss of ECM is assumed to be first order in n m and in the amount of ECM present. The latter is proportional to q,, so:
where km is a rate constant. The coefficient of q. has the units of reciprocal time, and it is convenient to define a time constant, tm, for the process:
The rate of change of q. is obtained by adding Equations (4) and (10):
The solution of Equation (12), subject to q«(0)=0, is:
Smooth Muscle Cells Are Chemotactic for Monocytes
Human arterial SMC secrete a potent chemotactic factor for MC. 18 Chemotaxis of MC is included as an optional process by allowing the MC entry rate to vary linearly with n t :
Jm=JS.+c'n. (14) where c' measures the strength of the chemotactic effect, and the basal entry rate, Jj},, can depend on hemodynamic factors. As before, q™ is found by integrating VmJ m with respect to time. The expression for qm depends on whether M<f> can leave the intima during the early phases of thickening. In the baseline model, all M<f> remain in the intima, and the integration is carried out from t=0, yielding:
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The form of the integrals of n, in the preceding equations depends on the relative magnitudes of t, t,, and U as summarized in Table 1 .
Correlation of Data
The model described above provides expressions for the contributions to intimal thickness of the SMC, ECM, and M<f> components. The thickness of the intima is assumed to be the sum of these contributions: q=q,+q,+q m (17) The intimal thickness depends on all the parameters that govern the kinetics of the three components and on time. Four of the kinetic parameters, in turn, are regarded as possibly dependent on the local hemodynamic environment at the wall. These are summarized in Table 2 . It is through these parameters that intimal thickening is mediated by hemodynamics.
The data base used to estimate the parameters of the model consisted of shear rates measured at 163 sites in 10 flow-through casts of minimally diseased human aortic bifurcations and the intimal thicknesses at the corresponding sites in the original vessels. The gathering of these data is described by Friedman et al. 1 In most of the simulations, the hemodynamic variable on which the parameters in Table 2 were allowed to depend was normalized maximum shear rate, s™,, defined as the maximum instantaneous shear rate at a site divided by the average of the maximum shear rates at all the sites examined in that cast. At a site exposed to this average maximum shear rate, s^ would be equal to unity. Maximum shear rate is only one of several shear rate-related quantities that could mediate sheardependent processes in the wall. During the course of this investigation, six additional quantities were derived from the shear rate data obtained in the vascular casts. Most of these, which included mean shear rate and measures of systolic flow acceleration and the unkjirectionality of the impulse delivered to the wall, were highly correlated with one another. 20 The sites exposed to high maximum shears were also exposed to high mean shears, rapid accelerations during systole, and more unidirectional impulses. Thus, one would not expect correlations based on any of these additional quantities to differ significantly from those obtained using s™,,. Friedman and Deters 20 showed that two measures related to the duration of flow reversal were less strongly correlated with the quantities that were based on shear rate. The duration-related measures were: 1) the fraction of time, f, that the flow was retrograde at the wall, and 2) max{f,1 -f } . When either of these parameters was used in the model, the standard error of estimate was significantly larger than that obtained when Sra was employed. Thus, the model does not support the hypothesis that the wall responds to purely temporal factors, rather than to shear stress exposure.
The dependence of the parameters in Table 2 The equations to follow will also be written using the independent shear variable.
Nondlmenslonallzatlon and Definition of Scale Lengths
To minimize the number of parameters in the baseline model, time was nondimensionalized, and several scale lengths were defined.
Nondimenslonal time, T, is defined as physical time divided by the time at which SMC growth ceases at a site exposed to the average shear:
T=t/U1) (19) where, by Equation (2),
The scale length for the SMC contribution to thickness is:
Pb=V a n Bi (1) (20) The quantity p, is the SMC contribution to thickness after SMC growth has ceased, at a site exposed to the average shear.
The scale length for the ECM contribution to thickness is:
P.=M*(1)W1) (21)
This length is the thickness of ECM produced in a time equal to t«(1), by an inhibited SMC layer at a site exposed to the average shear. Finally, the scale length for the M<f> contribution to thickness is:
This length is the M<t> contribution at a site exposed to the average shear, when the number density of SMC at the site reaches its limiting value. With these definitions, the equations that define the baseline model are: where the dependence of the first three parameters in Table 2 on shear rate is assumed to be linear, given by, e.g., Equation (18a) and:
(26)
The modifications to these equations when optional processes are present or when the shear dependence is exponential are straightforward. To summarize the implications of the optional processes (again for linear sheardependence):
When the synthesis of ECM is mediated by hemodynamic forces, p, is replaced by p . O H I +^W -i ) ] , where p»(1) is the value of p, (corresponding to the value of k.) at a site exposed to the average shear. An additional parameter, K, enters the model.
When M</ > initially can leave the intima, q m is given by Equations (8a) and (8b), recast in terms of p™ and nondimensional time. An additional parameter, q.', enters the model.
When M<f> can degrade ECM, q, is given by Equations (13a) and (13b), recast in terms of p, and nondimensional time. An additional parameter, T m =t m /t BJ (1), enters the model.
When SMC are chemotactic for M<f>, ^ is given by Equation (15) or Equation (16) , recast in terms of pm and nondimensional time. The chemotactic term, the second term in the right-hand side of Equation (14), becomes a function of nondimensional time and an additional parameter, *=V m c'n l ,(1)t t ((1). p, (27) where q, and Sm^, are the predicted intimal thickness and normalized maximum shear rate at the i-th site in the j-th vessel, and T, is defined by the requirement 1 that, for each vessel, the average of the predicted thicknesses must equal the average of the measured thicknesses in that segment. The quantity T ( measures the extent to which the thickening process had progressed in the j-th specimen and can be regarded as the nondimensional "biological age" of the vessel. The rate, in real time, at which the vessel ages biologically Is presumably influenced by the presence or absence of systemic risk factors. Except for the requirement that all scale lengths be non-negative, no constraints were placed on the sign or magnitude of any of the parameters of the model.
Building the Best Parsimonious Model
The protocol for building the best parsimonious model was as follows: First, the best baseline model was identified, as described below. Then, each optional process or shear dependence absent from this model was added separately to it. If any of these significantly reduced the standard error of estimate, the one causing the greatest reduction was retained. The process was repeated until no elaboration of the model significantly reduced the standard error. Thus, the final model was parsimonious (i.e., economical) with respect to the number of parameters employed.
Two other rules were applied during this process:
1) All shear dependences were initially assumed to be linear. If a physically unrealistic result was obtained (e.g., a negative initial SMC accumulation rate for some values of shear), as can happen with the linear form, the correlation was repeated with an exponential dependence. When the dependence is exponential, the sheardependent parameter has the same sign for all shear rates.
2) If the best fit value of the magnitude of a coefficient of a shear-dependent process (e.g., <f>) was below 0.1, that coefficient was set equal to zero and the process was no longer regarded as shear dependent. This did not preclude the re-introduction of the shear dependence at a subsequent iteration.
In the baseline model, any of the first three parameters in Table 2 can be shear-dependent. There is no a priori reason that all three need be, however. Thus, in the interest of parsimony, three initial correlations of the data were carried out, in each of which a different pair of parameters was allowed to vary with s^. The best fit was obtained when the SMC accumulation rate and the SMC number density at inhibition were (linear) functions of shear (^,^0 which /i=0, was significantly better than any correlation with fewer shear-dependent parameters and was the starting point for the development of the best parsimonious model. By using the protocol described above, the following modificatJons were made in turn to the baseline model:
1) The optional process in which the rate constant for ECM production is shear-dependent improved the fit significantly and was added to the model. By Rule 1, it was necessary to make the rate constant an exponential function of shear.
2) By Rule 2, the shear dependence of the SMC number density at inhibition was removed (v was set equal to zero).
3) The optional process in which Mtf> initially can leave the intJma improved the fit significantly and was added to the model. Thus, in the final model, the SMC accumulation rate is a linear function of shear, the rate constant for ECM production is an exponential function of shear, and M<£ initially can leave the intima.
The best fit parameters of the final model were: p,=418 Mm, *(1)=K. (1) with shear of the SMC accumulation rate and the rate constant for ECM synthesis. Figure 4 shows the variation of intimal thickness with shear and nondimensional time.
As a result of some of the assumptions of the model, the surface in Figure 4 is creased. One crease (A in Figure 4 ) is roughly parallel to the s^ axis, and reflects the sudden end of the SMC accumulation phase when the limiting number density of cells is reached. A second crease (B in Figure 4 ), in the portion of the surface that closely parallels the s^-T plane, reflects the onset of M<f> trapping when the critical matrix thickness is reached. These discontinuities are not physiologically realistic and can be removed by minor and biologically plausible modifications to the assumptions of the model. The first crease can be removed by modifying the expression for the rate of accumulation of intimal SMC so that the limiting number density of these cells is approached exponentially. The second crease can be removed by assuming that there is a distribution of either: 1) the M</ > residence time, or 2) the quantity of lipkj whose ingestJon is sufficient to prevent the M<p from leaving the intima. These changes can be made without increasing the number of parameters of the model. When they are made, the standard error of estimate is not changed significantly, and the resulting surface is smoother than, but not otherwise very different from, that in Figure 4 . When the shear is low (s IIMI s0.7), the creases are "smoothed over" by the substantial amounts of ECM that are generated in the wall.
Discussion
Plausibility of the Model
The present model Is very primitive from a cell biology point of view and incomplete, yet it does demonstrate the plausibility of the notion that competing shear-dependent processes mediate intimal thickening. The shear dependences selected by the protocol for building the best parsimonious model are those in Figure 3 and are both plausible. High shear stress could provoke the endothelial secretion of growth factors like those known to influence the proliferation and phenotypic expression of vascular smooth muscle. The increased rate of matrix expression by SMC at sites exposed to low shear could be part of a natural adaptive process in the arterial wall, possibly mediated by a shear-induced phenotypic change. Subacute experiments 21 suggest that arterial diameter adapts so that vessels carrying larger flows have larger lumens. A mechanism to reduce the lumen of vessels carrying diminished flows might also exist. It seems unlikely that the wall could sense flow rate directly; rather, it might be expected to "infer" flow from the shear stress at the wall, higher shears signifying higher flow rates. The latter adaptive mechanism would be served If the matrix production rate were inversely dependent on wall shear. Then, the walls of vessels subject to flow reduction would thicken, reducing caliber.
This interpretation implies that SMC respond differently to different stresses. Leung et al. 10 found that cyclic tensile stress promotes glycosaminoglycan and collagen synthesis by SMC; here, shear stress is inferred to inhibit the production of ECM. There is, at least, a teleological explanation: in the former case, the cells are presumably acting to maintain the strength of the wall, while in the latter they are trying to control the size of the lumen.
As can be seen in Figure 3 , the process that promotes thickening at low shear (here, ECM synthesis) is more shear sensitive than the process that promotes thickening at high shear (SMC accumulation). This appears to be a necessary feature of the best fit to the data, causing the intimal thickness at late times to be greater where the shear is relatively low. An equivalent result was found for the earlier model. 1 This also suggests that the process (or processes) with the stronger shear dependence may be the dominant one(s) in the long term; certainly, the presence of large amounts of ECM is one of the characteristics of substantially thickened intima.
A number of processes, such as chemotaxis and shear-dependent MC entry, are absent from the final model because their inclusion was not indicated by the protocol described earlier. This does not mean that they do not take place, but only that the model does not support the hypothesis that they have a significant influence on intimal thickness during the early stages of the thickening process.
Although the model is fit to only intimal thickness data, it predicts the evolution of intimal composition rather well. Of particular importance, it points out that shear affects not only the rate of vascular change, but also the nature of that change and its evolution over time. In the early stages of thickening, the lining is predicted to be largely cellular, except where the shear stress is very low. The matrix level increases over time, particularly in the low-shear areas. Later in the thickening process, foam cells become prominent at the thickest sites, in association with increased quantities of extracellular matrix. This progression is quite consistent with the results of morphological studies of the early thickening of the vessel wall, 22 so it may be noteworthy that no a priori assumptions regarding the relative amounts of the intimal components, as functions of shear or time, were made in the model development.
Notwithstanding the plausibility of the result, it is important to recognize that mural shear is not the only variable affecting the vessel wall that varies from site to site in the arterial vasculature. Local variability in the wall thickening process can also be influenced by spatial variations in wall stress or strain or have a genetic component.
Implications of the Model
First, the implications of this work that relate to the role of hemodynamics in atherogenesis and the means for investigating that role will be discussed. This will be followed by discussion of some of the other implications of these results.
Role of Hemodynamics: The High Shear-Low Shear Controversy
Although the model is a description of the variation with time of intimal thickness at a site exposed to a given shear, it can also be used to predict the relationship between the thicknesses and shear rates at a collection of sites at any time during the thickening process. Such a set of thickness-shear rate profiles, obtained by sectioning the surface in Figure 4 perpendicular to the T-axis, is shown in Figure 5 .
The relation between thickness and shear rate varies with time. At early times (Ts1), the intima at sites exposed to high shears is thicker than that at the low-shear sites, because the initial thickening rate is governed by SMC accumulation, which proceeds faster where the shear is high. At later times (Ts2), the opposite is seen, because of the increased rate of matrix production at the sites exposed to lower shears and the consequent earlier formation of foam cells. This change in the sign of the slope of the thickness-shear rate relationship was seen in the original experimental data. 1 The behavior shown in Figure 5 offers an explanation of what has sometimes been called the "high shear-low shear" controversy: some investigators have found that sites associated with high shear have thicker intimas, whereas other experimenters have reported the opposite. Figure 5 shows that either of these results can be obtained, depending on the extent to which the thickening process has progressed at the time of the measurements.
Because of the strong correlation among shear rate, flow acceleration, and unidirectionality at the sites examined, the present work cannot identify which of these hemodynamic phenomena mediate the events that take place in the wall. For instance, the response of the vessel at a low-shear site may actually reflect its reaction to the more oscillatory shear environment or to the slower flow acceleration that accompany the reduced shear. Indeed, the terms, high shear and low shear, as used here, should be considered to include any aspect of the hemodynamics that is characteristically associated with these shear environments.
Role of Hemodynamics: Limitations of Data Averaging
In many biological investigations, averaging over many samples is used to minimize the effects of biological variability. Ku et al. 23 used such a paradigm to examine the relation between hemodynamic shear and intimal thickness at the human carotid bifurcation. They measured the intimal thickness at 20 standard sites in 12 bifurcations, averaged the 12 measurements at each site, and correlated the 20 averages against a single set of hemodynamic measurements, which were made in a Plexlglas model whose geometry was representative of the bifurcation.
An underlying assumption when averaging is used is that all samples reflect the same underlying behavior, on which biological "noise" is superimposed. If the relation between thickness and shear rate changes over time, then the meaning of the single correlation found by Ku et al. is less clear. The thickening model presented here can be used to predict the likely appearance of such a correlation. For a set of vessels whose nondimensional ages are uniformly distributed over the interval [ T^, Tm«J, the average thickness at a site at which the shear rate is is given by:
The quantity (q)(Sna*;0,4) is plotted in Figure 5 . The interval [0,4] is selected because it closely brackets the nondimensional ages of the 10 vessels used in our experiments; these are computed in the course of fitting the model to the data. The plot of average thickness against shear rate has a hyperbolic shape, as does the data reported by Ku et al. 23 
Role of Lipid
A provocative aspect of the model is its independence of either the driving forces (e.g., plasma levels) or the rate constants (e.g., endothelial permeability) associated with the uptake of lipid by the arterial wall. This feature of the model, explained earlier, does not preclude an important role for lipid in intimal thickening or in the pathogenesis of vascular disease. It does suggest, however, that lipids may exert their most important influence on the disease process by mediating other events that take place in the wall.
For instance, subendothelial LP or lipid, perhaps modified by other intimal components, may influence the rate of proliferation of SMC, 24 the rate at which these cells express matrix, or the MC recruitment rate and M<£ motility. 25 ' 28 Oxidatively modified LDL can damage endothelial cells, 27 possibly affecting their resistance to the passage of LDL and other species. Elevated free fatty acid levels have been shown by Hennig et al. 28 to be associated with increased rates of LDL transport across endothelial monolayers; if, as the authors suggest, this reflects an alteration in the paracellular pathway, then an increased permeability to other solutes might be expected.
Hyperiipidemic diet and serum 2930 - 31 and certain LDL subfractions 32 have been shown to promote SMC proliferation and accumulation; lipoproteins may act directly or by potentiating the effect of other mitogens. 33 Hypeiiipidemia and LDL lipid 34 enhance monocyte adhesion, presumably favoring an increased entry rate of this cell type.
In earlier work, 1 a distinction was made between: 1) systemic factors, such as lipid levels and blood pressure, that are more or less uniformly distributed in the systemic arterial circulation and affect primarily the rate of progression of disease, and 2) localizing factors, such as the hemodynamic environment, that vary from site to site and contribute to the topographic distribution of the pathology. This distinction becomes less clear when sheardependent localizing processes are mediated by systemic variables, as suggested above.
Smooth Muscle Cell Dynamics
The expression for the growth of the SMC compartment affords the model considerable flexibility. The variation of T ri from site to site is determined by the adjustable parameters and shear rate through Equation (26) . For each specimen, the range of T,, can be entirely above or below Tj, or can include T,. This means that, depending on the values of the best fit parameters (which also determine the {T|}), the model can imply that SMC growth continued throughout the entire portion of the thickening process represented by the specimens used here, that an asymptotic number density of SMC was reached for all specimens before they were acquired, or that growth was continuing at some sites and had stopped at others. No a priori assumption was made in this regard.
For the best fit model, the SMC compartment is in the growth phase at all sites for the seven "youngest" specimens (i.e., those whose T, is lowest). For two of the specimens, the SMC content had reached its asymptotic level at only the sites exposed to relatively high shears. For the "oldest" specimen, the asymptotic level had been reached at all sites. Thus, the model predicts that the area density of SMC in relatively thick intima can be quite uniform, while that in earlier specimens could be more or less proportional to intimal thickness. This is consistent with some anecdotal reports. The model does not explain how the inhibition of intimal SMC proliferation might be mediated, but it does suggest that this process may not be shear dependent.
Atherogenesis as an Adaptive Process Gone Wrong?
As mentioned earlier, the shear dependence of certain processes that naturally take place in the arterial wall could reflect an adaptive mechanism by which the luminal size remains appropriate to the local flow rate. Alternatively, the objective of the adaptation might simply be to establish a near-wall fluid dynamic environment (including the shear environment) that is most healthful to the vessel lining. In either case, it is reasonable to hypothesize that wall shear would be the sensed variable used to control the process.
In the more complex regions of the vasculature, such as at branches and bends, the relation between flow rate and wall shear Is similarly complex and varies from site to site. At certain sites, the wall may be "fooled" and thicken inappropriately. For instance, at the outer wall of a branch, the shear is less than it would be in a straight section of similar dimension. Perhaps the intima at. such a site, interpreting the lower shear as a reduced flow (or finding the reduced shear to be less healthful), would be prompted to thicken excessively and, perhaps, become atherosclerotic sooner.
The extent to which the shear at the vessel wall is reduced at a branch (or on the inner curvature of a bend) depends on the geometric parameters of the particular segment. The overcompensation described above would be exacerbated in those individual segments whose geometric parameters are such that the shear at the wall is lowered inordinately. We have referred to the geometric features of susceptible segments that emphasize such adverse hemodynamic environments as "geometric risk factors".
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Models like the one presented here allow measurements on intact arteries to be interpreted in terms of what is known about the biology of the components of the arterial wall. Most of this latter knowledge is gained from cell culture experiments, where the environment of the cells is very different from that in vivo. Developed in parallel with the acquisition of these data, models of the in vivo state-including models of pathologic developmentare a means for integrating in a more lifelike context the results obtained from a variety of experiments on cultured cells. Proof of the mechanisms indicated by models still requires examination of the living system.
